Abstract In the present study, efforts were made to determine effect of different light wavelengths on carotenoid biosynthesis in Scutellaria baicalensis, a promising traditional herbal medicine used in North America and Asia. The variation in the transcriptional level of carotenoid biosynthesis genes and carotenoid contents in the callus was analyzed after exposure to light from red (wavelength, 660 nm), blue (wavelength, 470 nm), or white (wavelength, 380 nm) light-emitting diodes. The transcription levels of phytoene synthase (SbPSY), n-carotene desaturase (SbZDS), b-ring carotene hydroxylase (SbCHXB), and zeaxanthin epoxidase (SbZEP) were upregulated on exposure to all three lights, with the greatest increase in expression observed upon exposure to blue light. In contrast, the transcriptional levels of two carotenoid cleavage dioxygenases (SbCCD1 and SbCCD4) decreased under all three light treatments. Increased production of zeaxanthin, b-carotene, and 9-cis-b-carotene was observed on exposure to all 3 lights. The total carotenoid production rose by 27.35% under blue light treatment, while the white and red lights did not have any considerable effect. Our findings may establish new approaches for increasing carotenoid production in S. baicalensis as well as in other plants.
Introduction
Carotenoids, representing a diverse group of terpenoid compounds, are broadly spread in nature. In the plant kingdom, carotenoids carry out important functions including light collection for photosynthesis, the stabilization of lipid membranes, and protection of the photosystem from photooxidation [1, 2] . Carotenoid pigments are responsible for red, orange, and yellow colors of flowers and fruits, making them attractive to insects and animals and thereby facilitating seed dispersal and pollination [3] . Furthermore, carotenoids are important healthpromoting compounds and essential nutrients for animals and humans and must be acquired from dietary sources [4] . Provitamin A carotenoids, including a-and b-carotene, are the primary dietary sources of vitamin A; severe deficiency of these carotenoids leads to premature death, blindness, and xerophthalmia [5] .
The pathway of carotenoid biosynthesis has been elucidated in many plant species by extensive studies (Fig. 1 ) [3] . The formation of phytoene requires the condensation of two geranylgeranyl diphosphate molecules, catalyzed by phytoene synthase (PSY). Then, two desaturase enzymes, including phytoene desaturase (PDS) and n-carotene desaturase (ZDS), convert phytoene to lycopene via n-carotene. At this point, the pathway branches with one branch leading toward the biosynthesis of a-carotene and the other to b-carotene. For the formation of a-carotene, it is formed by the actions of lycopene b-cyclase (LCYB) together with lycopene e-cyclase, whereas LCYB alone catalyzes conversion of lycopene to b-carotene in two reaction steps. Afterward, hydroxylation of a-and b-carotene is catalyzed by b-ring carotene hydroxylase (CHXB) and e-ring carotene hydroxylase, respectively, produces lutein or zeaxanthin. Furthermore, zeaxanthin epoxidation by zeaxanthin epoxidase produces violaxanthin, which is used to biosynthesize abscisic acid through oxidative cleavage catalyzed by 9-cis-epoxycarotenoid dioxygenase (NCED) [6] . Along the whole pathway, carotenoid cleavage at various chain positions by the carotenoid cleavage dioxygenases (CCDs) forms a broad range of apocarotenoids [7] .
Carotenoids form an important component of the photosynthetic machinery of green plants, and light is an important factor to regulate the carotenoid synthesis in plants [8] . Light-mediated activation of photoreceptors that are subsequently translocated to the nucleus induces transcription of carotenoid biosynthesis genes in plants [9] . Additionally, recent studies have found that carotenoid biosynthesis is affected by light duration, intensity, and quality and that not all light wavelengths are utilized with equal efficiency [10, 11] . Recent advances in light-emitting diode (LED) technology have provided good opportunities for investigating the effects of different wavelengths at a high irradiance level on carotenoid biosynthesis in plants.
Scutellaria baicalensis is a traditional medicinal herb, used extensively in Asia and North America, and has been Fig. 1 Metabolic biosynthetic pathway for the production of carotenoid in plants. The related enzymes and genes involved in each step were collected from [19] demonstrated to possess a wide range of pharmacological and biological properties, such as antidiabetic, anticancer, antiviral, anti-inflammatory, antioxidant, and antihypertensive activities [12, 13] . The diverse variety phytochemicals such as phenylethanoids, sterols, amino acids, flavones, and essential oils were mainly play a main role in the biological activities [14, 15] . Although plant cell cultures of S. baicalensis have been recently studied and optimized for the enhanced accumulation of useful natural products such as polyphenols and terpenoids, respectively [16, 17] , studies have not been performed on the accumulation of other compounds in these cultures, except in the case of flavonoids, which are considered the major component of S. baicalensis. On the other hand, culturing plant cells in in vitro conditions is an alternative approach for the bulk level production of phytochemicals due to a similar genetic background of plant tissues [18] .
This study aims to investigate carotenoid production and the influence of three different light wavelengths (380, 470, and 660 nm, respectively) on carotenoid biosynthesis in plant cell cultures of S. baicalensis. The callus of S. baicalensis was exposed to red, blue, or white LEDs, and the transcriptional levels of carotenoid biosynthesis genes were analyzed using real-time RT PCR. Further, highperformance liquid chromatography (HPLC) was used to determine carotenoid accumulation.
Materials and methods

Callus induction
The callus of Scutellaria baicalensis Georgi was induced using the method described by the previous study [17] . Briefly, the leaflet plant was aseptically cut into approximately 7 9 7-mm 2 sections at the ends. Further, the sectioned plants were placed on the sterile Murashige and Skoog (MS) agar medium containing 30 g L -1 sucrose, 2.0 mg L -1 2,4-dichlorophenoxy acetic acid (2,4-D), and 0.1 mg L -1 a-naphthalene acetic acid (NAA). After 3-4 weeks, the calluses were subcultured onto the same medium without NAA. Eventually, calluses were cultured at 25°C under dark conditions for 24 h in a growth chamber.
LED treatments
The calluses were subjected to dark conditions for 2 weeks, followed by high-intensity irradiation with red (660 nm), blue (470 nm), and white (380 nm) LEDs at a flux rate of 50 lmol s -1 m -2 for a 16-h photoperiod for 3 weeks. Calluses maintained in the dark for 3 weeks were used as controls. The experiments were performed three times for the investigation of the gene expression and the quantification of the carotenoid contents. After the incubation periods, the callus samples were collected carefully and frozen in liquid nitrogen at -196°C for further HPLC analysis and gene expression studies.
RNA isolation and cDNA synthesis
The total RNA of the callus samples were extracted and quantified using the Total RNA Mini Kit procured from Geneaid, Taiwan. The quantity and purity of the RNA was measured by using nano-drop spectrophotometer. After that, 1 lg of pure total RNA was used to synthesize cDNA. The complete protocol for the preparation of cDNA was followed by the manufacturer's instruction (ReverTra Ace Ò kit, Toyobo, Osaka, Japan). Finally, 20 lL of cDNA was used as a template for the expression study using realtime RT PCR.
Real-time RT PCR
The primer sets for real-time RT PCR were manufactured based on the sequences of SbCCD4, SbNCED, and SbActin transcripts of S. baicalensis using the Primer3 website (http://frodo.wi.mit.edu/primer3/). The accession numbers for genes used for the primer design were HQ847728, KC760149, and KC760148, respectively. Furthermore, gene expression of SbPSY, SbPDS, SbZDS, SbCHXB, and SbZEP was investigated with the primer pairs described at the previous study [19] . The expression of carotenoid biosynthesis genes was calculated using the relative quantification method and was normalized to the expression of Actin as the reference gene. The reaction mixtures for the real-time RT PCR consist of cDNA (5 lL), 1 9 SYBR Ò Green Real-time PCR Master Mix (10 lL), 10 lM primer (0.5 lL), and diethylpyrocarbonate-treated water. The thermal cycling conditions were established as follows: 95°C for 5 min and 40 cycles of 95°C for 15 s, 56°C for 15 s, and 72°C for 20 s. The Bio-Rad CFX Manager 2.0 software was used to analyze the obtained PCR products. The reactions were performed three times for confirmation of the gene expression levels.
Carotenoid extraction and HPLC analysis
The total and individual carotenoid contents were extracted and quantified by HPLC method by exactly followed by our group [20] . In details, 3 mL of ethanol including 0.1% ascorbic acid (w/v) were added into 20 mg of the powdered samples and kept in a boiling water bath (HB-205 WP; KOREA QUALITY MACHINE SCIENCE, Seoul, Republic of Korea) at 85°C for 5 min. Next, the mixture was mixed with 120 lL of potassium hydroxide (80%, w/v) for saponification and extend the incubation for 10 min in the same boiling water bath. After proper saponification, the mixtures were deionised by keeping under ice cold water (1.5 mL). Further, 200 lL of b-Apo-8 0 -carotenal (25 g/mL) was added to the saponified samples as an internal standard for the quantification of the extracted carotenoids. The saponified samples were mixed 1.5 mL of hexane, and the upper solvent phase was collected, was dried under nitrogen gas, and re-dissolved in 50:50 (v/v) dichloromethane/methanol before HPLC analysis. The individual carotenoids were separated on an Agilent 1100 HPLC system build with a photodiode array detector. The extracted carotenoids were measured at the wave length at 450 nm. The binary mobile phase consisted of phase A (methanol/water (92%, v/v) containing 10 mM ammonium acetate) and phase B (100% methyl tert-butyl ether). 
Results and discussion
Effects of white, blue, and red LEDs on the expression level of carotenoid biosynthesis genes in the callus of S. baicalensis
The expression levels of carotenoid biosynthesis genes in the callus of S. baicalensis were evaluated by real-time RT PCR after exposure to red, blue, or white LEDs (Fig. 2) . SbPSY increased on exposure to all 3 lights and showed the highest expression level upon treatment with blue light, whereas SbPDS only increased on exposure to white and blue lights. The expression level of SbZDS was also upregulated with all three lights, with the highest elevation occurring under white and blue lights, respectively. Similar to the results for the upstream genes, increased mRNA levels were also observed for SbCHXB and SbZEP at all three wavelengths. However, while SbCHXB levels rose to nearly the same extent at all three wavelengths, SbZEP levels showed a significantly greater increase on exposure to blue light than on exposure to white and red lights. On the other hand, the transcript levels of the CCDs in the callus of S. baicalensis, SbCCD1, SbCCD4, and SbNCED were adversely affected and showed reduced expression at all three wavelengths.
Effect of white, blue, and red LEDS on carotenoid production in the callus of S. baicalensis
The material that was used for the molecular study was also used for determining the carotenoid contents in the callus of S. baicalensis by using HPLC (Fig. 3) . Notably, increased lutein content was seen in blue light-treated calluses and lower levels were seen in white LED-treated calluses as compared to those seen in the control. Accumulation of zeaxanthin, 9-cis-b-carotene, and b-carotene was enhanced at all three wavelengths, with substantial increase in calluses exposed to blue light. 13-Cis-b-carotene levels in treated calluses did not show any obvious changes compared to those of the control. Total carotenoid accumulation was generally unaffected by white and red lights, while blue light significantly increased the total carotenoid accumulation by 27.35%, that is, from 5.63 to 7.17 lg/g dry weight.
In the present study, cDNA enhancement levels of SbPSY, SbPDS, SbZDS, SbCHXB, and SbZEP, which are involved in carotenoid biosynthesis, and SbCCD1, SbCCD4, and SbNCED, which encode CCDs, were investigated after exposing the calluses of S. baicalensis to white, blue, or red LEDs. Transcript levels of SbPSY, SbZDS, SbCHXB, and SbZEP increased at all three wavelengths, which correlated well with the observed accumulation of zeaxanthin, b-carotene, and 9-cis-b-carotene after light treatment. In contrast, the expression levels of SbCCD1, SbCCD4, and SbNCED, which can cleave carotenoids to produce a broad range of apocarotenoids decreased, which suggests that this reduction in SbCCD1, SbCCD4, and SbNCED expression levels may have contributed to the increased production of zeaxanthin, b-carotene, and 9-cis-b-carotene. Interestingly, such an inverse correlation between carotenoid content and CCD expression has also been observed in other plants such as Arabidopsis [21] and bitter melon [22] .
Although the white and red lights increased the hyper action of RNA level in the carotenoid biosynthesis genes, the total carotenoid content in the calluses of S. baicalensis remained unaffected. Blue light exhibited the highest efficiency in altering the transcriptional levels of carotenoid biosynthesis genes and enhancing carotenoid production. These results are in accordance with a previous study, which found that carotenoid production was upregulated after blue light exposure, but was not influenced by exposure to red light in citrus sacs in vitro [18] . Surprisingly, carotenoid production in the flavedos of citrus fruits was induced by exposure to red light but was unaffected by blue light [23] . Furthermore, the accumulation of lutein in kale peaked at a wavelength of 640 nm. However, the maximum b-carotene production occurred in the case of 440 nm light treatment [24] . The previous studies show that the influence of different light wavelengths on carotenoid synthesis might be dependent on the plant species and tissues. Our study on the regulation of carotenoid biosynthesis genes and carotenoid production under red, blue, and white LEDs may be useful for accurate elucidation of the mechanisms underlying the biosynthesis of carotenoids in S. baicalensis. Particularly, blue LEDs have been considered the most appropriate light source showing the upregulation of the expression levels of carotenoid biosynthesis genes and carotenoid production in the callus of S. baicalensis. Therefore, the results obtained from the current results give new directions for enhancing the content of carotenoid in plant cell cultures of S. baicalensis.
